Pluripotent stem cells have great regenerative medicine potential owing to their ability to differentiate into tissues representative of all three germ layers. [1] [2] [3] Pluripotency remains imprecisely characterised, particularly the events upstream of the key regulatory trio Oct4, Sox2 and Nanog. It has been reported that pluripotent embryonic stem cells (ESCs) transition from a naive 'ground state' through primed states towards commitment to various specific lineages. [4] [5] [6] This process appears to be tightly regulated by the presence of specific growth factors within the niche, particularly those regulating the three branches of TGF-β Superfamily (BMP, TGF-β and activin) signalling. 7, 5 Harnessing the power of pluripotent stem cells requires an improved understanding of this regulatory mechanism.
As they are more stable in culture than human ESCs (hESCs) or induced pluripotent stem cells (iPSCs), human embryonal carcinoma cells (hECCs) are a useful tool for the elucidation of pluripotent mechanisms. [8] [9] [10] [11] We have previously reported that myeloid differentiation response gene 88 (MyD88) expression is downregulated during retinoic acid (RA)-induced differentiation of pluripotent NTera2 hECCS but maintained in RA-treated nullipotent 2102Ep hECCs. 12 The RA signalling pathway initially involves recognition and translocation of retinoids by cell surface receptor STRA6 (Stimulated by RA6), followed by translocation through the cell via Cellular Retinoid and Cellular Retinoic Acid Binding Proteins (CRBPs & CRABPs). Subsequently, RA binds to Figure 1 Loss of MyD88 facilitates RA-induced differentiation of a sub-population of 2102Ep cells. 2102Ep cells were treated with MyD88 PepInh for 24 h and then with MyD88 PepInh+RA (refreshed daily) for an additional 11 days. After these 12 days treatment, cellular morphology was found to be unaltered in control cells (a: − RA, b: +RA, c: control PepInh − RA, d: control PepInh +RA e: MyD88 Pepinh-RA. All × 10 magnification), suggesting that these cells remained undifferentiated. In contrast, the majority of cells grown in MyD88 PepInh+RA conditions demonstrated a differentiated morphology (f). This was supported by cell count data indicating a substantial, significant decrease in MyD88 PepInh+RA-treated cells compared with controls (g) but was contradicted by similar levels of pluripotency marker AP measured by quantitative ELISA (h). These samples were harvested and their differentiation status confirmed through qPCR analysis of Oct4, Sox2 and Nanog levels (i), which indicated that the levels of these pluripotency markers had not decreased in MyD88 PepInh+RA cells sufficiently to indicate typical hECC differentiation based on our typical data. 45 Finally, 24 h treatment with the MyD88 PepInh was shown to result in a statistically significant decrease in phospho-IκB expression as measured by quantitative ELISA following treatment with Interleukin-1β, indicating a decrease in MyD88-dependent TLR signalling (j). Together, these data led to a hypothesis that MyD88 PepInh+RA samples contain two sub-populations, one differentiated and one nullipotent, the testing of which is described in Figure 2 . *P-valueo 0.05; **P-value o0.01 nuclear RA and Retinoid X Receptors (RARs & RXRs), which facilitate regulation of targets such as HOX genes and Oct4-Sox2-Nanog. [13] [14] [15] [16] MyD88 is best known for its role as the main adapter protein for toll-like receptor (TLR) signalling, a key component of innate immunity. [17] [18] [19] In response to detection of specific pathogens, MyD88-dependent TLR signalling activates NF-κB. Alternatively, MyD88-independent TLR signalling results in activation of type 1 interferons, which act through interferon-stimulated genes (ISGs) and JAK-STAT signalling. 18, 19 Each mechanism results in secretion of Figure 2 Inhibition of MyD88 facilitates RA-induced differentiation of 2102Ep cells. 2102Ep cells were treated with MyD88 PepInh for 24 h and then with MyD88 PepInh+RA (refreshed daily) for an additional 11 days. Cells from three independent replicates were assessed via flow cytometry (a) for differentiation status using pluripotency marker SSEA4. (a) Open lines represent negative staining controls for each sample. Filled lines represent the stained sample. Green represents the SSEA4 Neg cells and red the SSEA4 Pos cells, as determined by internal negative staining controls. 2102Ep cells were shown to be almost completely SSEA4 Pos in -RA conditions (a-i) and 62.00 ± 11.86% SSEA4 Neg when force differentiated using a siRNA knockdown of Sox2 protocol we have previously described (a-ii), 45 differences that were found to be statistically significant (b). Cells grown in control PepInh -RA (a-iii), MyD88 PepInh -RA (a-iv) and control PepInh +RA (a-v) conditions were found to remain almost completely SSEA4
Pos (a-iii-v: c-d, statistical analysis). In contrast, cells grown in MyD88 PepInh+RA conditions for 12 days were found to be~1:1 SSEA4
Pos :SSEA4 Neg (a-vi: d, statistical analysis). Although this was initially thought to suggest the presence of two sub-populations, additional experiments (Supplementary Data 4) suggest that this is owing to a small population of cells that persist through RA treatment, which can proliferate to a sizable populations over this time-scale. SSEA4
Pos and SSEA4 Neg populations (a-vi) were isolated via FACS and shown by qPCR to express Oct4-Sox2-Nanog at high and low levels respectively (e). Collectively, this indicates a model (f) where 2102Ep cells can be transitioned to a stable, apparently primed self-renewal (SR PR ) state when MyD88 is consistently inhibited, a state that can be differentiated by RA. *P-valueo 0.05; **P-value o0.01 specific chemokines and cytokines, which facilitate an immune response. 20, 21 A relationship between MyD88 and pluripotency has not been previously described.
Here, we report that loss of MyD88 is a key component of RA-induced differentiation in hECCs. Mechanistically, MyD88 promotes self-renewal through inhibition of HOX and RA signalling pathway gene expression, while its loss facilitates transition to an alternative self-renewal state that is primed for RA-induced differentiation through the standard downregulation of Oct4-Sox2-Nanog mechanism. Functionally, conditioned media experiments demonstrated that factors secreted by differentiated (low MyD88) cells were sufficient to force differentiation of NTera2 cells. When characterised, these proteins were identified as known regulators of all three branches of TGF-β Superfamily signalling, as well as angiogenesis and neurogenesis. Collectively, these data provide new insights in to the mechanisms involved in early differentiation of pluripotent hECCs.
Results
MyD88 is sufficient to maintain the self-renewal state and its loss necessary for RA differentiation. We screened early time-point data from a RA differentiation experiment and identified MyD88 as a potential upstream regulator of Oct4-Sox2-Nanog ( Supplementary Data 1-3) . 12 Hypothesising that loss of MyD88 may be necessary for RA differentiation of hECCs, nullipotent 2102Ep cells were treated with a MyD88 peptide inhibitor (PepInh), which was refreshed daily, in combination with RA. Measurement of phosphorylated-I-κ-B-α expression in response to Interleukin-1β (IL-1β) indicated that MyD88-dependent TLR signalling was significantly decreased by MyD88 PepInh treatment (Figure 1j ). The morphology and cellular proliferation characteristics of MyD88 PepInh+RA-treated (12 days) cells suggested differentiation, a response that was not observed in cells treated with MyD88 PepInh-RA or control PepInh ± RA (Figures 1a-f ). Cells treated with MyD88 PepInh+RA showed a substantial decrease in cellular proliferation compared with cells treated with control PepInh+RA, which was also suggestive of differentiation (Figure 1g) . Notably, MyD88 PepInh-treated cells did not spontaneously differentiate, whereas withdrawal of the MyD88 PepInh rendered cells resistant to RA (reversion to nullipotency). This indicates a mechanism where consistent inhibition of MyD88 transitions 2102Ep cells into a new, stable self-renewal state that is now primed for differentiation in response to RA. Flow cytometry analysis of the expression of pluripotency marker stage specific embryonic antigen 4 (SSEA4) on individual cells demonstrated the presence of approximately equal numbers of selfrenewing (SSEA4 Pos ) and differentiated (SSEA4 Neg ) cells after 12 days MyD88 PepInh+RA treatment (Figures 2a-d ). In line with this, cells harvested at the end of this experiment showed expression of pluripotency markers alkaline phosphatase (AP, Figure 1h ) and Oct4, Sox2 and Nanog (Figure 1i ) suggestive of a mixed population. However, when separated by FACS, SSEA4
Pos and SSEA4 Neg cells were found to express high and low levels of Oct4, Sox2 and Nanog respectively (Figure 2e) (Figure 2f) .
At first glance, the presence of a large, undifferentiated subpopulation after 12 days treatment (Figure 2a) suggested the presence of two sub-populations within the 2102Ep model. However, it must be noted that a small population of rapidly proliferating undifferentiated cells substantially expand over time compared with slow or non-proliferating differentiated cells. With this in mind, in RA-treated NTera2 cells, we detected a small, persistent undifferentiated population, both in culture and in vivo xenografts, which could substantially expand over time (Supplementary Data 4) . As such, the undifferentiated cells may represent a lack of complete efficiency in hECC differentiation protocols rather than a distinct sub-population.
As these data indicated that loss of MyD88 was required for RA-induced differentiation of 2102Ep cells, we next hypothesised that MyD88 might be sufficient for maintenance of the pluripotent NTera2 self-renewal state. Testing this, MyD88 was overexpressed in NTera2 cells using a constitutive expression plasmid, and then challenged with RA. When treated with RA, cells overexpressing MyD88 (Figures 3a and b) retained substantially higher levels of pluripotency markers AP (Figure 3c ), Oct4 and Nanog ( Figure 3d ) compared with RAtreated control cells. Collectively, these data indicate that MyD88 is sufficient to maintain the self-renewal state and its loss necessary for RA differentiation. In addition, inhibition of MyD88 can be used to generate what appears to be a stable self-renewal state that is primed for RA differentiation.
A potential role for MyD88 in mesodermal differentiation of 2102Ep cells. Once it had been shown that loss of MyD88 was necessary for RA differentiation, we assessed whether loss of MyD88 facilitated non-RA lineage differentiation mechanisms. As specific lineage differentiation protocols have not been previously optimised for hECCs, commercially available early lineage differentiation commitment kits were used. These protocols are useful indicators of initiation of differentiation, but further lineage-specific protocols are required for complete differentiation. Although the exact content of the growth factor mixes supplied with these kits is not released, the supplier confirmed for us that none contained RA. 2102Ep cells were treated with and without the MyD88 PepInh for 24 h as before and then treated with specific differentiation protocols for each lineage. Differentiation was then assessed as changes in morphology, and loss of SSEA4 and Oct4-Sox2-Nanog expression. This analysis suggested that the mesoderm differentiation kit could replace RA in the MyD88 inhibited mechanism observed previously (Figures 4a-i). The strongest evidence for this is the obvious difference in morphology observed in cells treated with MyD88 PepInh+mesoderm kit but not control cells (Figures 4e and f) . This is in line with previous reports linking RA and mesodermal differentiation of mES cells. 22, 23 However, although the mesoderm kit-only control had no effect on morphology (Figure 4e ), flow cytometry using SSEA4 revealed two populations with only a small, statistically significant difference compared with MyD88 PepInh+kit (Figures 4g and h ). In contrast, the ectoderm differentiation protocol resulted in the production of an SSEA4
Neg subpopulation that was too small to convincingly suggest a functional differentiation mechanism (Figures 4g, l and m). The endoderm differentiation protocol did not result in the differentiation of any 2102Ep cells (Figures 4g, j and k). These morphology results suggest that MyD88 regulation is not RA-specific and may have a role in mesoderm differentiation, but further studies are required to confirm this. Differentiated NTera2 cells secrete factors sufficient for differentiation. The main known role of MyD88 is in TLR Signalling, where it determines the profile of factors secreted by the cell in response to specific stimuli. Addressing this, we next undertook a conditioned media experiment to assess whether self-renewing (high MyD88) and differentiated (low MyD88) hECCs secrete a different set of factors that influence their stem cell status. Owing to the nullipotent status of the 2102Ep cells, NTera2 cells were primarily used in this conditioned media analysis. We first established that NTera2 cells remain terminally differentiated following 7 days RA-free treatment, even when RA is withdrawn (Supplementary Data 4). Differentiated NTera2 cells could thus be grown in RA-free media, which could be conditioned with factors secreted by differentiated cells without RA contamination. Conditioned media collected for either 7 or 14 days from undifferentiated ('UndiffCon') and differentiated ('DiffCon') NTera2 cells was added to NTera2 cells daily for 7 days. Based on their subsequent expression of SSEA4, Oct4, Sox2 and Nanog, treatment of NTera2 cells with DiffCon (collected for 7 or 14 days) media was found to be sufficient to induce differentiation of NTera2 cells (Figures 5a-c) . In contrast, UndiffCon media did not induce statistically significant changes in SSEA4, Oct4, Sox2 or Nanog expression (Figures 5a-c) . Interestingly, it was noted that DiffCon media could replace RA in the MyD88 PepInh protocol described earlier (data not shown). Collectively, these data indicate that differentiated NTera2 cells secrete factors that self-promote their differentiated state. As MyD88 is a key determinant of the profile of factors secreted by cells generally, and is differentially expressed in these cell states, it is likely that MyD88 is involved in this microenvironment regulation mechanism.
Self-renewing, MyD88 Inhibited, RA-treated and differentiated hECCs secrete specific protein profiles. We next used chemokine-cytokine arrays to characterise some of the factors contained in UndiffCon and DiffCon media as well as media conditioned by 2102Ep cells treated with RA or a small interfering RNA targeting MyD88 ('siMyD88', Supplementary Data 5). Self-renewing NTera2 cells were found to secrete a specific set of proteins that are known regulators of angiogenesis and neurogenesis, and follistatin, a known inhibitor of the Activin signalling ( Data 5) . Together, this indicates a mechanism where hECC differentiation is associated with activation of angiogenic and neurogenic differentiation as well as all three branches of TGF-β Superfamily signalling. We have shown above that these are sufficient to differentiate NTera2 cells.
Loss of MyD88 facilitates upregulation of HOX genes and activation of RA Signalling. We next characterised the MyD88 molecular mechanism using whole-genome gene expression array analysis. Initially, 2102Ep cells treated with MyD88 PepInh or control PepInh ± RA were assessed to establish events regulated by RA or loss of MyD88 specifically. Subsequently, differentiated SSEA4
Neg cells isolated at the end of the 12 day MyD88 PepInh +RA protocol (Table 2) . These sensory receptor genes have, in recent years, been shown to be expressed in nonsensory tissue such as testis, where they clearly perform a non-sensory role. 25, 26 The relationship between RA treatment and the alteration of HOX and OR genes is long established. However, this is the first description of their involvement in a MyD88-dependent pre-RA treatment mechanism. MyD88 inhibition alone did not result in substantial changes in Oct4, Sox2 or Nanog, RA or TLR Signalling gene expression, which suggests that MyD88 inhibited cells are in a pluripotent/nullipotent state in which MyD88-independent TLR signalling has not been activated. Neg cells (a-iii: 38.51 ± 2.1%) that was significantly larger (h) than observed in control cells (a-ii: 15.54 ± 1.15%). Post-FACS isolation qPCR analysis of Oct4-Sox2-Nanog confirmed that these were differentiating cells (i). Cells treated with MyD88+ectoderm protocol produced a significant (a-iv: 3.66 ± 0.13%; a-v: 13.63 ± 0.08%; j statistical analysis, k: qPCR) SSEA4
Neg population that was insufficient in size to isolate by FACS for qPCR analysis (k). Treatment of cells with the endoderm protocol did not result in differentiation (a-vi: 2.08 ± 0.08%; a-vii: 5.43 ± 0.07%; l: statistical analysis, m: qPCR). Morphology data indicate a potential role for MyD88 in mesodermal differentiation. *P-valueo 0.05 characteristics of RA-induced differentiation of hECCs (Table 2, Figure 6c ). Further mining of the genelist identified several changes indicative of a switch to MyD88-independent TLR Signalling, including downregulation of Tlr4 and upregulation of Tlr3 and Tlr7 (24 fold) expression, as well as upregulation of 16 ISGs and a small number of JAK-STAT signalling genes, none of which are altered in cells treated with MyD88 PepInh or RA alone (Table 2, Supplementary Data 6). Interestingly, loss of OR and T2R expression following MyD88 inhibition appears to be rescued in SSEA4 Neg cells. In summary, these data indicate that, in self-renewing cells, MyD88 functions to prevent differentiation by inhibiting and promoting the expression of HOX and OR/T2R genes respectively. The combination of MyD88 inhibition and RA leads to differentiation of 2102Ep cells via activation of RA and MyD88-independent TLR signalling, downregulation of Oct4-Sox2-Nanog, and upregulation of HOX genes, as illustrated in Figure 6c .
Discussion
An improved understanding of the mechanisms that regulate the early differentiation of pluripotent cells is required. In this study, we report that MyD88 is an essential component of hECC pluripotency, which must be downregulated to facilitate RA-induced differentiation. At a molecular level, high MyD88 Figure 5 Differentiated NTera2 cells secrete specific protein profiles sufficient to promote differentiation. Undifferentiated NTera2 cells were grown for 7 days in media conditioned by (collected for 7 or 14 days) undifferentiated (UndiffCon) or pre-differentiated (DiffCon) NTera2 cells, after which SSEA4 expression levels were assessed using flow cytometry (a). Open lines represent negative staining controls for each sample. Filled lines represent the stained sample. Green represents the SSEA4 Neg cells and red the SSEA4 Pos cells, as determined by internal negative staining controls (a-i: − RA & a-ii: +RA controls). Treatment with DiffCon media (collected for 7 (v) or 14 (vi) days) was found to reduce SSEA4 expression levels, data that were found to be statistically significant (b). This was accompanied by statistically significant decreases in qPCR measured levels of Oct4-Sox2-Nanog expression (c, 7 day DiffCon). In contrast, UndiffCon media (collected for 7 (iii) or 14 (iv) days) had no effect on SSEA4 expression (a, b). No statistically significant changes in qPCR measured levels of Oct4-Sox2-Nanog expression were observed for UndiffCon media (c).These data indicate that differentiated cells secrete factors that promote differentiation. *P-valueo 0.05; **P-value o0.01, ns = not significant MyD88 facilitates differentiation of pluripotent cells G Sulaiman et al expression appears to inhibit functional activation of HOX gene expression to promote the SR state, while its loss facilitates activation of RA signalling, leading to differentiation driven by loss of Oct4-Sox2-Nanog. During RA-induced differentiation, loss of MyD88 forms part of an overall differentiation mechanism that is associated with the secretion of a specific set of proteins, which appears to be due to activation of MyD88-independent TLR signalling. These secreted proteins include known promoters of all three branches of TGF-β Superfamily signalling, angiogenesis and neurogenesis, and are sufficient to facilitate differentiation. Although these data require further functional validation, a proposed integrated model of pluripotent hECC RA differentiation is offered in Figure 7 . The pluripotent state is primarily determined by the presence of regulatory growth factors in the niche.
7, 3 The highlighting of MyD88 in this study, which determines the profile of many proteins secreted by the cell, matches this model. In particular, pluripotency/differentiation is regulated by all three branches of TGF-β Superfamily signalling. 7, 3 As such, our demonstration that MyD88 regulates hECC pluripotency and hECC secretion of regulators of all three branches of TGF-β Superfamily signalling also matches this model. Specifically, hECCs appear to use self-secreted proteins to inhibit Activin signalling in the SR state before promoting differentiation though activation of BMP and TGF-β signalling. Continuing these similarities, it is notable that a SR state that appears to be primed for RA (neural lineage) differentiation can be generated through MyD88 inhibition in 2102Ep cells. This is an interesting parallel to the primed state model of ESC pluripotency. Although it is important to note that this is a malignant, and thus clearly mutated, model of pluripotency, the mechanisms revealed here, or similar non-malignant mechanisms, may prove useful for exploitation in the hESC or iPSC field. For example, it may be possible to exploit the MyD88 mechanism described here, or similar mechanisms, to generate primed pluripotent cells whose differentiation can be better controlled. However, it is known that there are many key differences between murine and human pluripotency: we note that MyD88 knockout mice appear to have no non-immunity related defects, 20, [27] [28] [29] suggesting that MyD88 is not an essential regulator of the mammalian SR state. As such, collectively our data indicates that MyD88 is a redundant regulator of mammalian pluripotency, specific regulator of human pluripotency, or specific regulator of human malignant pluripotency. As inhibition/knockdown of MyD88 has not been performed in hESCs to our knowledge, these questions remain open. Figure 6 Gene expression array analysis of the MyD88 inhibition facilitated RA differentiation mechanism. Whole-genome gene expression array analysis of the following samples (n = 3) was undertaken: control PepInh-RA (Ctrl), control PepInh +RA (Ctrl_RA), MyD88 PepInh -RA (MyD), MyD88 PepInh +RA (MyD_RA) and post-experiment isolated SSEA4
Pos (SSEA4Pos) and SSEA4 Neg (SSEA4Neg) 2102Ep cells. All biological replicates clustered well and all samples separated well (a, b). Selected genelists for MyD88 PepInh versus control PepInh, control PepInh-RA versus control PepInh+RA, and SSEA4
Neg versus MyD88 PepInh comparisons are shown in Table 2 (full genelists in Supplementary Data 6). Together, the data reveal an overall mechanism (c) where RA or MyD88 PepInh treatment of self-renewing (SR) cells results in the upregulation of selected RA and HOX genes, whereas loss of MyD88 is also associated with downregulation of taste family 2 and olfactory receptor (T2R, OR) genes. RA treatment following MyD88 PepInh treatment results in activation of RA and MyD88-independent TLR signalling mechanisms as well as further activation of HOX genes. This results in differentiation (Diff), which appears to follow a standard hECC pattern through downregulation of Oct4, Sox2 and Nanog gene expression Our data feed into an on-going discussion about the relationship between TLR signalling and pluripotency. ESCs express TLRs and can respond to microbial products, a response that can enhance myeloid-lineage differentiation. 30 TLR ligands are reportedly secreted by murine ESCs (mESCs) 31 but not hESCs. 32 There is also clearly an overlap between TLR signalling and RA. For example, RA-Inducible gene 1 is an established viral pattern recognition receptor in innate immunity, 33 which can be stimulated by bacterial wall component lipopolysaccharide (LPS), 34 is necessary for bacterial phagocytosis in macrophages, and is required for RA differentiation of myeloid cells. 35 MyD88 17 and Toll 36 were originally identified as a modulator of myeloid cell differentiation and a developmental regulator in Drosophila, respectively, roles apparently distinct from immunity. MyD88 has been shown to be expressed and functional in some mESC lines 37 as well as, for example, mesenchymal 38 and haematopoietic 39 adult stem cells. In the MyD88 mechanism we have described here, upregulation of TLR3 may result in chromatin remodelling to facilitate changes in expression of key differentiation genes, in a similar manner to that underlying increased iPS efficiency in TLR3 expressing cells. 40, 41 In addition, there is no clear evidence that innate immunity is required by or functional in such early stages of embryogenesis (inner cell mass cells within the blastocyst). As such, our data support a broader view of the role of TLR signalling, where the pathway can respond to different stimuli at different developmental stages. In this regard, TLR signalling may serve to regulate the stem cell or cancer stem cell (CSC) niche through the regulated secretion of specific proteins by the cell.
Tumour-initiation is a property of self-renewing CSCs such as hECCs, which is lost during differentiation. 42 In the developing tumour, CSCs that persist in the SR state while other CSCs differentiate are, therefore, clear clinical targets. Global targeting of CSCs via forced-differentiation treatments using drugs such as RA has been largely inefficient in the clinic, apart from in specific patients with specific malignancies, [43] [44] [45] which indicates the importance of better understanding CSC differentiation resistance. Although the mechanisms through which certain CSCs resist differentiation are unknown, it is likely to involve regulation of growth factors in specific SR niches within the tumour. For example, in ovarian CSCs, MyD88-dependent TLR signalling has been shown to create a microenvironment that facilitates selfrenewal. 46 As such, it is interesting that we have highlighted a role for MyD88, a key determinant of growth factor secretion into the niche, in differentiation resistance. We have shown that hECC nullipotency, an extreme model of differentiation resistance, is owing to MyD88 acting as a 'Differentiation Gatekeeper' that must be compromised to facilitate differentiation. We have previously shown that 2102Ep nullipotency can be surpassed by forced-differentiation via knockdown of Sox2. 47 As such, it appears that maintained MyD88 expression in 2102Ep cells is owing to a defect in the MyD88 downregulation mechanism, the search for which will continue. It is possible that similar differentiation gatekeepers exist in other malignancies. If so, our data suggest that a two-tier strategy involving a differentiation morphogen such as RA in combination with targeting of a specific differentiation regulator may be more successful than treatment with a single agent. Although the MyD88 PepInh approach employed here was highly efficient, it is not clear whether MyD88, as a key regulator of immunity, could be inhibited in the clinic without detrimental side effects for the patient. However, if essential differentiation regulators can be identified in other malignancies, their targeting may synergistically enhance the effects of differentiation treatments.
Materials and Methods
Cell culture, transfections and differentiation protocols. Cell culture, siRNA transfection and RA differentiation were performed as previously described. 47, 48 MyD88 overexpression was achieved by transfection of a constitutive expression plasmid (IOH9958-pDEST26, IMAgene, Berlin, Germany) for 3 days. and PepInh were added together with media refreshed daily. Lineage differentiation assays were carried out similarly, with the addition of growth factor solutions supplied in specific StemXvivo Mesoderm, Ectoderm or Endoerm kits (R&D Systems, Abingdon, UK) instead of RA, and using manufacturer's instructions. Specific medias were refreshed daily for 6 days.
Quantitative ELISAs. MyD88 inhibition was assayed by treating 56 000 cells with MyD88 or control PepInh for 24 h and then with IL-1β (30 ng/ml, InvivoGen), which can only act MyD88-dependently, for 30 min. Activation of MyD88-dependent signalling was detected as the presence of phosphorylated-I-κBα using the 'PhosphoTracer I-κBα Total ELISA' kit (Abcam, Cambridge, UK) as per manufacturer's instructions. Alkaline Phosphatase expression was quantified using the 'Quantitative Alkaline Phosphatase ES Characterisation Kit' (Millipore, Nottingham, UK) as per manufacturer's instructions.
Conditioned media work. UndiffCon media was prepared by collecting media from NTera2 cells daily for 7 days. For DiffCon media, NTera2 cells were RA differentiated for 7 days. These differentiated cells were then cultured for a further 7 days in -RA media, which was collected and refreshed daily. Conditioned media was pooled and filtered using a 0.2 μm polyethersulfone filter. For conditioned media treatments, 2 ml of conditioned media was added to 180 000 cells in six-well plates and replaced daily.
Flow cytometry/FACS. For each sample, after dissociation using EDTA (1 mM), 1 million cells were assayed with PE-conjugated mouse IgG3 anti-SSEA4 antibody (MC-813-70, R&D Systems), using PE-conjugated mouse IgG3 (133316, R&D Systems) and unstained samples as isotype and autoflourescence, respectively. Flow cytometry was performed on a Cyan ADP Flow Cytometer (Beckman Coulter, High Wycombe, UK). Samples were excited using a 488 nm laser and detected between 575/25 nm. Doublets were excluded using the pulse width parameter and dead cells were excluded using propidium iodide staining (Invitrogen; Excited = 488 nm; detected = 680/30 nm). FACS was performed using the MoFlo XDP (Beckman Coulter) and FACSAria Fusion cell sorters (BD Bioscience, Oxford, UK). Flow cytometry was carried out at the TCD facilities in the Western blot, qPCR, gene and protein array analysis. Western blot analysis was carried out as previously described 47; Antibodies; MyD88: #4283 Cell Signalling Technologies, Gapdh: Ab8245, Abcam). qPCR was carried out as previously described. 12 RNA was isolated using the mirVANA kit (Ambion, Waltham, MA, USA). Three-day differentiation experiment gene expression array analysis was carried out using HGU133 Plus2 GeneChips. A total of 1 μg RNA was prepared using the 'One-Cycle Eukaryotic Target Labelling' protocol and assayed on HGU133 Plus2 GeneChips (All Affymetrix, Waltham, MA, USA) as per manufacturer's instructions. All other gene expression array analysis was carried out using Affymetrix GeneChip HuGene 2.0 ST arrays. Final 150 ng samples were prepared using the 'WT Plus reagent Kit', and prepared samples fragmented and labelled using the 'WT Labelling Kit' (Affymetrix) as per manufacturer's instructions. Post hybridisation, all samples were washed using a fluidics station 450 and scanned using a GeneChip Scanner 3000 (both Affymetrix) as per manufacturer's instructions. Pre-processing and analysis of gene expression array data was performed as described in Supplementary Methods. For protein arrays, conditioned media samples were concentrated using Amicon Ultracel 3 kDa spin filters (Millipore) and assayed using Quantibody Human Chemokine and Cytokine arrays (RayBioTech, Norcross, GA, USA) as per manufacturer's instructions.
Statistical analysis. Statistical analysis of flow cytometry, protein array and qPCR data was carried out using the student's two-tailed t-test. Data is presented as the mean of three biological replicates ± S.E.M. GraphPad prism 6 was used to generate P-values. Figure 7 Overall Mechanism: Loss of MyD88 facilitates RA-Induced Differentiation of hECCs. NTera2 pluripotent, and 2102Ep hECCs were assessed to characterise the role of MyD88 in the RA differentiation mechanism. The arrows in the centre indicate the molecular changes observed in 2102Ep cells treated with RA or a MyD88 PepInh. Loss of MyD88 activates expression of specific Hox genes and downregulates the expression of specific Type 2 Family Taste Receptor (T2R) and Olfactory Receptor (OR) genes (Yellow box), whereas RA treatment activates the expression of specific RA signalling and Hox genes (Red box). Although neither is sufficient for differentiation of hECCs, their combination results in the activation of RA and MyD88-Independent TLR Signalling, and further expression of Hox genes. This results in differentiation through standard downregulation of Oct4-Sox2-Nanog mechanisms, which result in upregulation of stemness signalling pathways such as Sonic Hedgehog (SHH), TGF-β, Wnt and Notch (Supplementary Data 1) . In parallel, self-renewing (SR) and differentiated (DIFF) NTera2 cells were found to secrete specific protein profiles: this differentiated cell secretion profile was found to be sufficient to promote differentiation. When characterised using protein array analysis of conditioned media, SR cells were found to secrete several factors including inhibitors of Angiogenesis, Neurogenesis and Activin Signalling (Blue box). During early differentiation, both loss of MyD88 (Yellow Box) and RA (Red box) treatment result in secretion of a group of angiogenesis regulators. Finally, differentiated NTera2 cells continue secretion of these angiogenesis regulators as well as Activin, TGF-β, SHH and Neurogenic factors
